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Abstract

Anopheles gambiae sensu stricto exists as two often-sympatric races termed the M and S molecular forms, characterized by
fixed differences at an X-linked marker. Extreme divergence between M and S forms at pericentromeric “genomic islands”
suggested that selection on variants therein could be driving interform divergence in the presence of ongoing gene flow,
but recent work has detected much more widespread genomic differentiation. Whether such genomic islands are
important in reproductive isolation or represent ancestral differentiation preserved by low recombination is currently
unclear. A critical test of these competing hypotheses could be provided by comparing genomic divergence when rates of
recent introgression vary. We genotyped 871 single nucleotide polymorphisms (SNPs) in A. gambiae sensu stricto from
locations of M and S sympatry and allopatry, encompassing the full range of observed hybridization rates (0-25%). M and
S forms were readily partitioned based on genomewide SNP variation in spite of evidence for ongoing introgression that
qualitatively reflects hybridization rates. Yet both the level and the heterogeneity of genomic divergence varied markedly in
line with levels of introgression. A few genomic regions of differentiation between M and S were common to each sampling
location, the most pronounced being two centromere—proximal speciation islands identified previously but with at least
one additional region outside of areas expected to exhibit reduced recombination. Our results demonstrate that extreme
divergence at genomic islands does not simply represent segregating ancestral polymorphism in regions of low
recombination and can be resilient to substantial gene flow. This highlights the potential for islands comprising a relatively
small fraction of the genome to play an important role in early-stage speciation when reproductive isolation is limited.
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to be one of the most promising (Turner and Hahn 2010)
due to the availability of a near-fully assembled genome
sequence and advanced genomic tools (Holt et al. 2002;
Lawniczak et al. 2010; Neafsey et al. 2010).

The A. gambiae complex comprises at least seven mor-
phologically indistinguishable species (Coluzzi et al. 2002)
with varying levels of range overlap and reproductive isola-
tion (Ayala and Coluzzi 2005). Within A. gambiae sensu stric-
to, detection of fixed differences in intergenic and internal
transcribed ribosomal DNA spacers (IGS and ITS rDNA) near
the centromere of the X chromosome led to the definition of
“molecular forms” termed M and S (della Torre et al. 2007;
Gentile et al. 2001), which occur in sympatry throughout
much of west and central Africa (della Torre et al. 2005).
Though the molecular forms were originally thought to co-
vary with chromosomal forms, defined by sets of inversion

Introduction

How genomes evolve during speciation is a fundamental
but poorly understood question in evolutionary biology
(Wu 2001; Wu and Ting 2004; Nosil et al. 2009a; Butlin
2010). Identifying the number of genes involved in repro-
ductive isolation can give insight into early-stage speciation
processes. If fewer loci drive divergence, differentiation be-
tween incipient species may accrue more quickly and with
a greater level of gene flow because selection coefficients
operating on each locus can be higher (Nosil et al
2009b). This could reduce the requirement for allopatric
separation and allow diversification to continue between
sympatric taxa, consequently increasing potential for spe-
ciation. As reproductive isolation advances, identifying var-
iants that were critical for initial divergence becomes
difficult as high levels of differentiation may be observed

at loci across the genome that are not involved (Via
2009). Consequently, systems at an early stage of diver-
gence are valuable models. Sympatric races of insects, par-
ticularly those exhibiting a spectrum of reproductive
isolation, represent some of the best current models for
research into speciation genomics. Of these, the African
malaria mosquito Anopheles gambiae sensu stricto appears

polymorphisms on chromosome 2 (Coluzzi et al. 2002), it is
now clear that all common inversion polymorphisms are
shared between the molecular forms and probably predate
the division of M and S (Costantini et al. 2009; Simard et al.
2009; White et al. 2009). Interform hybrids are identified us-
ing single-locus pericentromeric X-linked polymerase chain
reaction (PCR) diagnostics, which target either a substitution
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in the IGS-rDNA (Fanello et al. 2002) or a form-specific
Sine200 transposable element insertion (Santolamazza
et al. 2008a). Information on the survival of hybrids in
the wild is lacking, but F; hybrids are fully fertile in the lab-
oratory (Diabate et al. 2007). Typical estimates of hybrid-
ization rates between forms range between 0% and 1.5%
(Yawson et al. 2004; della Torre et al. 2005; Costantini
et al. 2009; Simard et al. 2009) though much higher rates
(up to 25%) have been documented recently at the western
edge of A. gambiae’s range (Caputo et al. 2008, 2011; Ndiath
et al. 2008; Oliveira et al. 2008). Complementing these data,
behavioral evidence suggests incomplete assortative mat-
ing (Tripet et al. 2001; Diabate et al. 2009), microsatellites
often show low interform differentiation (Lanzaro et al.
1998; Taylor et al. 2001; Lehman et al. 2003; Yawson
et al. 2007), and insecticide resistance mutations have in-
trogressed between forms (Weill et al. 2000; Djogbénou
et al. 2008; Weetman et al. 2010). Evidence for a genomic
mechanism that could reconcile fixed differences on the X
chromosome in the apparent presence of substantial gene
flow was provided by a landmark genomewide microarray
genotyping study (Turner et al. 2005). Large concentrations
of single feature polymorphisms differentiated the M and S
forms near the centromeres of chromosomes X and 2L, but
differentiation appeared relatively low elsewhere.

In summary, these data suggested that the molecular
forms of A. gambiae sensu stricto are at an early stage
of speciation driven by genes in the highly differentiated
genomic islands, with the rest of the genome homogenized
by ongoing gene flow (Turner et al. 2005; Turner and Hahn
2007). Indeed, ongoing or recent gene flow is critical for this
“speciation island” model because otherwise the regions of
extreme divergence could be ancestral polymorphisms,
which segregate between molecular forms and are pre-
served by low recombination (Noor and Bennett 2009;
Turner and Hahn 2010; White et al. 2010). With any plau-
sible estimate of effective population size, the hybridization
rates in most sampled areas suggest interform gene flow in
excess of that required to prevent extreme divergence in
the absence of selection (Wright 1931; Slatkin 1987). How-
ever, selection against F; hybrids in the wild can be very
strong (e.g, McBride and Singer 2010), and it is possible
that a large number of the hybrids detected are F, hybrids
rather than more advanced crosses or backcrosses. This
could mean that gene flow between M and S forms is much
lower than it might appear (White et al. 2010). By contrast,
introgression of insecticide resistance mutations between
molecular forms, followed by subsequent spread, provides
compelling evidence for backcrossing of F; hybrids. Nev-
ertheless, such events could be extremely rare, with sub-
sequent increases in allele frequency driven by strong
selection on these insecticide resistance-conferring muta-
tions (Lynd et al. 2010), rather than repeated introgres-
sion. Recent findings of an additional pericentromeric
island of divergence (White et al. 2010) and high differen-
tiation throughout the genome (Lawniczak et al. 2010;
Neafsey et al. 2010; Weetman et al. 2010) suggest that on-
going interform gene flow might indeed be very low in
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A. gambiae and question whether the major genomic
islands are key or incidental to speciation (Turner and
Hahn 2010; White et al. 2010).

Determining the mode of speciation in A. gambiae has
important implications for public health in Africa. Behav-
ioral and ecological differences between the M and S forms
are likely to influence malaria epidemiology by spatial and
temporal extension of transmission ranges (Lehman and
Diabate 2008). Interform differences in insecticide resis-
tance are also common (Santolamazza et al. 2008b;
Weetman et al. 2010), though resistance is increasing in
previously-susceptible M forms in some areas (Dabiré
et al. 2009, Lynd et al. 2010). Therefore, whether speciation
in A. gambiae is a dynamic process, which could occur over
very short evolutionary timescales, is a question of both
academic and public health relevance. Genomewide stud-
ies to date have focused on samples from the central and
eastern parts of the M and S sympatric range where hybrid-
ization rates are low to moderate. Populations from the
western edge of A. gambiae’s range, where hybridization
rates are much higher, might, however, offer the best
opportunity to distinguish speciation models.

In this study, we genotyped samples from across A. gam-
biae’s range to investigate the relationship between rates of
recent introgression and the nature of genomewide differ-
entiation. Initially, we examined whether the classification
to molecular form according to one or two single-marker
diagnostics has a wider genomic basis throughout the spe-
cies range, even where interform hybridization rates are
very high. We then tested sequential predictions, which
would distinguish the genomic island model of adaptive
divergence with gene flow between M and S, from a null
hypothesis of ancestral segregation, with minimal recent
gene flow. First we sought evidence for recent introgression
to determine whether hybrids have enough reproductive
potential for contemporary interform gene flow to com-
pare qualitatively with hybridization rates. Second, if levels
of introgression differ between samples, the proportion of
the genome segregating between forms should decrease as
introgression rates increase, yielding a more clustered pro-
file of differentiation (Wu 2001; Wu and Ting 2004; Nosil
et al. 2009b; Via 2009). Third, if X-marker-diagnosed M and
S status has a wider genomic basis and loci that segregate
between the two forms are fewer when introgression is
higher, at least some genomic regions of extreme interform
differentiation should be conserved across locations in
a common mosaic of adaptive divergence (Via and West
2008; Via 2009).

Materials and Methods

Sample Sites and Identification of Species and
Molecular Form

Full details of sampling, DNA extraction, and genotyping
methodologies are given elsewhere (Miiller et al. 2008;
Weetman et al. 2010), but briefly, samples were collected
as larvae from Yaoundé, Cameroon (03°52' N, 11° 31’ E) in
July to August 2006 and Dodowa, Ghana (05° 53" N, 00°
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06’ W) in October to November 2006 and raised to adults.
The sampling protocol scaled the number of larvae taken
to habitat size to reduce the possibility of sampling siblings.
Indoor-resting adult females were collected (by aspiration)
from houses in Tororo, Uganda (00° 41’ N, 34° 10’ E) in
November 2008 and (by trapping in untreated bednets)
from houses in Antula, Guinea-Bissau (11° 53’ N, 15°
34’ W) in August to September 1993. All samples were
confirmed morphologically as A. gambiae sensu lato A
PCR-restriction fragment length polymorphism (RFLP)
molecular diagnostic of X chromosome rDNA variation
(Fanello et al. 2002) was used to determine species identity
within the A. gambiae sensu lato group and A. gambiae sen-
su stricto molecular form (M or S). A portion of samples
were also screened using an alternative assay, which detects
a form-specific insertion of a Sine200 element on the X chro-
mosome (Santolamazza et al. 2008a). Though unproblem-
atic elsewhere, interpretation of the rDNA IGS PCR-RFLP
in Guinea-Bissau was frequently ambiguous (see also Caputo
etal. 2011), and all Guinean samples were diagnosed as M or
S form using the Sine200 diagnostic, which as a single rather
than multicopy marker is more readily scored. Samples en-
compassed the range of known hybridization rates, which
appear temporally stable over multiple collections points.
In Cameroon, no hybrids have been detected in over
15,000 specimens genotyped (Simard et al. 2009), though
introgression of the kdr 10714F mutation from S to M forms
demonstrates some recent gene flow (Etang et al. 2009;
Weetman et al. 2010); in Ghana, the rate of hybridization
is 0.25-0.5% (Yawson et al. 2004, 2007; Weetman et al.
2010; Egyir-Yawson A, Weetman D, and Donnelly M), un-
published data); in Guinea-Bissau, hybridization rates are
19-25% Oliveira et al. 2008; Caputo et al. 2011).

Single Nucleotide Polymorphism Genotyping

Following whole genome amplification, DNA samples were
screened on an lllumina Beadstation GX using the Illumina
GoldenGate assay according to the manufacturer’s proto-
cols. Genotyping was performed with a 1,536 single nucle-
otide polymorphism (SNP) array, originally designed
primarily to cover approximately 260 candidate genes
potentially related to insecticide resistance. Nevertheless,
the array also genotyped over 300 control SNPs and
provided coverage throughout much of the genome.
Moreover, very few of the genes have been found to be
insecticide-resistance associated or to show evidence of se-
lection via patterns of linkage disequilibrium (Weetman
et al. 2010). SNPs originated from sequencing of mixed
populations of M and S forms (Wilding et al. 2009) and
from those identified during whole genome sequencing
of M and S form colonies from Mali (Lawniczak et al.
2010). AlL SNPs chosen to populate the array were polymor-
phic in both M and S forms. Genotyping arrays were scored
using Beadstudio v3.2 (Illumina Inc.): Of the 1,536 SNPs on
the array, 871 could be scored reliably (i.e, showed
good clustering of genotypes, >80% call rate and no evi-
dence for null alleles) in all sample collections and were
polymorphic in at least one. Only these SNPs were used

in the present analysis (genomic locations of the 871 SNPs
scored are shown in supplementary figure s1, Supplemen-
tary Material online). Only samples typing as pure forms
using the above PCR diagnostics (i.e., not hybrids) were gen-
otyped. Since we detected no hybrids in our collection from
Cameroon and only two from Ghana, this had negligible
impact on the sample but did result in exclusion of approx-
imately 20% of the sample from Guinea-Bissau. Final sample
sizes for analysis were Cameroon M form (N = 673),
Cameroon S form (N = 62), Ghana M form (N = 29),
Ghana S form (N = 769), Uganda S form (N = 214),
Guinea-Bissau M form (N = 40), and Guinea-Bissau S form
(N = 40).

Data Analysis

Individual-based clustering of multilocus genotypes was
performed using the Bayesian algorithm implemented by
BAPS 5.3 (Corander and Marttinen 2006, 2008). Each
run was repeated many times to check that the optimal
clustering solution had been obtained. Analyses were re-
peated using different data sets involving subtraction of
SNPs from different chromosomes: 1) X, 2 and 3; 2) 2
and 3; 3) 3, rather than for each chromosome separately
owing to the lower number of SNPs, and resultant low sta-
tistical power, on the physically short chromosome X. BAPS
5.3 was also used to identify individuals from locations of M
and S sympatry whose genomes showed evidence of signif-
icant mixture of M and S. This algorithm first estimates
which multilocus genotypes show evidence of mixture
and the proportion of the genome attributed to each
source population, followed by simulation of multilocus
genotypes from allele frequencies to determine the poste-
rior probability that putatively mixed genotypes could be
found in the resident population (Corander et al. 2006,
2008). Sufficient simulations (2,000-16,000 depending on
sample size) were performed to permit identification of in-
dividual genotypes as significantly mixed following correc-
tion for multiple testing based on the false discovery rate
criterion (Benjamini and Hochberg 1995). This is expected
to be conservative with respect to type | error rate for the
BAPS mixture analysis (Corander et al. 2006). We ran a two-
step analysis to distinguish recent introgression from an-
cestral retention/historic gene flow. We first determined
the mixture proportions, and associated probabilities, for
sympatric M and S samples and determined which were
significantly mixed. We then repeated the analysis but in-
cluding allopatric samples (minimum distance 3,000 km),
which could not have contributed recent immigrants, to
determine whether the sympatric source of admixture re-
mained the most likely (adjudged as >50% source of the
immigrant proportion). Only those individuals meeting the
criterion of significant admixture from a majority sympatric
source were deemed to exhibit evidence of recent intro-
gression; for others, the null hypothesis of ancestral mixture
was accepted. As with the clustering analysis, we first
applied analyses using all SNPs and then repeated excluding
data from chromosomes X and 2 since regions of reduced
recombination might either repel or retain extended
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Fic. 1. Unrooted neighbor joining trees showing differentiation among M and S forms from different locations. Trees are based on linearized Fst
calculated using (A) SNPs from all chromosomes (N = 871) and (B) SNPs from only chromosome 3 (N = 301). Thick horizontal lines to the
side of each plot show a scale of Fs1/(1 — Fst) = 0.05. Note the high similarity of trees in A and B, with the exception of the M-form sample

from Guinea-Bissau.

portions of immigrant chromosomes and potentially cause
bias in estimates.

Genepop v4 (Rousset 2008) was used to compute Fst
values. Differentiation at individual SNPs in pairwise
comparisons between populations was computed using
Fisher’s exact test following rescaling of all samples to
the minimum scored at any SNP (N = 44 chromosomes).
This permitted direct comparisons among samples by
correcting for the strong dependence of P values on
sample size. Bonferroni correction for multiple testing
was applied to determine the significance of probabilities
(critical & = 0.05/N polymorphic SNPs in comparison).
FDist (Beaumont and Nichols 1996) implemented by
Lositan (Antao et al. 2008) was used to identify loci
unlikely to have evolved neutrally under equilibrium ex-
pectations, using 10,000 coalescent simulations. Baseline
Fst for the simulations was calculated from all the SNP
data following iterative exclusion of outliers at the 5%
level by Lositan, with observed Fst values considered sig-
nificant if they exceeded the 0.95 confidence interval of
simulations. The number of SNPs expected to cooccur
as outliers in population pairs and in all three populations
was calculated from the numbers observed in single pop-
ulations. In cases where exact tests involved contingency
tables exceeding 2 x 2 cells, the software RxC was used
to calculate probabilities by permutation (Miller 1997).
Haploview 4.1 (Barrett et al. 2005) was used for recon-
struction of population haplotypes (within form and
within sampling location) to compute linkage disequilib-
rium (measured as r°). Neighbor-joining trees were pro-
duced from linearized Fsr values (Fst/(1 — Fst) by
Phylip 3.68 (Felsenstein 2008) and drawn using FigTree
1.3.1 (Rambault 2006).
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Results

Discrimination of M and S Form Genomes

Genetic structure among sample collections based on SNPs
from all chromosomes revealed distinct division of the mo-
lecular forms with differentiation more pronounced among
M forms (fig. 1A). We repeated the analysis using SNPs
from chromosome 3 to avoid possible influence of ex-
tended regions of reduced recombination found on the
chromosomes X and 2 (Stump et al. 2005; Pombi et al.
2006, 2008). Differentiation was generally reduced (supple-
mentary table s1, Supplementary Material online), but
there was virtually no effect on tree topology apart from
the repositioning of Guinean M forms to the branch with
Guinean S forms, intermediate in position between other
M and S collections (fig. 1B). Individual-based Bayesian
cluster analysis using SNPs from all chromosomes pro-
duced distinct partitioning of most sample collections,
with the only major overlap being between the S forms
from Cameroon and Ghana (fig. 2A). M and S forms from
all locations were almost wholly distinct and their clusters
separated, with only 0.2% of assignments to clusters of the
alternate molecular form (fig. 2A; supplementary fig. s2A,
Supplementary Material online). As classification of M and
S forms is based on pericentromeric single-marker diagnos-
tics on the X chromosome, linkage disequilibrium with
multiple other X chromosome polymorphisms could
create bias. Therefore, we repeated the analysis excluding
all SNPs located on the X chromosome: This resulted in
only a marginal increase in mixed clustering in Guinea-
Bissau (two M forms were assigned to the Guinean
S cluster) but not elsewhere. Repetition of the clustering
analysis using only chromosome 3 SNPs had no impact
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Fic. 2. Individual-based (BAPS) cluster analyses of individuals from all sample locations. Bubble sizes represent the proportion of individuals
from a sample site present in a cluster. Cluster numbers are not intended to correspond between (A) and (B), though memberships may
overlap considerably (e.g., cluster 9 in [A] is identical to cluster 8 in [B]). Arrows highlight the exceptions to the distinct clustering of M and S
individuals. Thin arrows denote single individuals; the thick arrow indicates many individuals (as clusters 7 + 8 in [A] merge into cluster 8 in
[B]). To simplify presentation, multiple very small clusters (all Ghanaian S forms), have been merged into cluster 6 in each plot.

on partitioning of the M and S forms from Uganda, Came-
roon, or Ghana but resulted in a collapse of segregation
between forms in Guinea-Bissau, which merged into a single
cluster intermediate between other M and S clusters (fig.
2B; supplementary fig. s2B, Supplementary Material online).
Thus, in general, M and S forms were strongly differentiated
and readily partitioned, but for the Guinea-Bissau, collec-
tion discrimination of M forms from S was dependent
on the inclusion of chromosomes with extended regions
of reduced recombination.

Recent Introgression
The proportion of individuals exhibiting significantly mixed
genomes and whose interform mixture was assigned to the
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sympatric source (see “Materials and Methods”) differed
depending on the chromosomal data set used. In Came-
roon and Ghana, chromosome 3-based estimates were
about 1/3 and 2/3, respectively, of those based on all SNPs
(fig. 3A). The difference is probably attributable to intro-
gression of the strongly selected insecticide resistance—
associated kdr 1014F mutation from S to M forms in both
collections. Kdr 1014F is located within the voltage-gated
sodium channel gene near the centromere of chromosome
2L within an extended haplotype represented by many
SNPs on our array (Lynd et al. 2010; Weetman et al.
2010). As this haplotype is otherwise absent from the M
forms in our collections, kdr introgression can generate
a strong signal of mixture, even if the overall immigrant

0.7
0.6 ><
0.5 4 X X
0.4 %
0.3 x 5 %
§ ¥
0.2 A
X X
X
0.1 i §
0
all chr3 all chr3 all
Cameroon Ghana Guinea-B

Fic. 3. Evidence of recent introgression between sympatric M and S forms. A. Percentage of individuals (+/— 95% binomial confidence
intervals) showing significant evidence for genomic mixture attributable to the alternate molecular form in sympatry (see text). B. Admixture
proportions for each significantly mixed individual. In A and B, data are shown for analyses based on all SNPs and chromosome 3 SNPs, with
the exception of Guinea-Bissau for which very low chromosome 3 differentiation prevented analysis.
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proportion of the genome is relatively low. Consistent with
this, far fewer M form individuals possessing (introgressed)
kdr were detected as mixed from chromosome 3 SNPs
(supplementary table s2, Supplementary Material online),
and almost all admixture proportions were higher (fig. 3B).
The kdr 1014F mutation was only detected in M forms in
Cameroon and Ghana 3-4 years before our samples were
collected (Yawson et al. 2004; Etang et al. 2006). Therefore,
the mixture events detected from chromosome 3 SNPs
must be of relatively recent origin because only one of
the individuals possessing introgressed kdr was detected
as mixed in the chromosome 3 analysis (supplementary
table s2M, Supplementary Material online). Lack of inter-
form differentiation in the Guinea-Bissau collection (see
fig. 2B) precluded mixture analysis for chromosome 3 SNPs,
but absence of the kdr mutation in this collection would
presumably limit bias in mixture estimation evident in
Cameroon and Ghana.

As expected from the higher rates of hybridization, the
percentage of individuals exhibiting significantly mixed ge-
nomes was significantly higher in Guinea-Bissau than in Ca-
meroon and Ghana (fig. 3A). The proportion of the genome
originating from the alternate form for mixed individuals in
Guinea-Bissau (all chromosome data) and Ghana (chromo-
some 3 data) were generally high (all >0.2; fig. 3B), consis-
tent with very recent crossing events, such as backcrossing
of hybrids to parental forms. The few mixed ancestry indi-
viduals in Cameroon (chromosome 3 data) showed higher
variation in the proportion of the genome from the other
molecular form, but at least one individual exhibited
admixture consistent with very recent crossing (approxi-
mately 50:50 M:S; fig. 3B). There was no evidence for sig-
nificant directional bias in interform introgression in any
collection (exact test, minimum P = 0.32).

If we assume that counting only significantly mixed in-
dividuals for which a sympatric source explained the ma-
jority of the admixture proportion was effective in
excluding ancestral mixture, the mixture data can provide
a rough estimate of a single parameter, the contemporary
effective migration rate (m). We calculated m from the
sum of (significant and sympatric) genome proportions
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divided by total sample size (e.g, Hanfling and Weetman
2006). Estimates, based on chromosome 3 SNPs, are
m = 0.0015 for Cameroon, m = 0.0031 for Ghana, and
based on all SNPs, m = 0.025 for Guinea Bissau, noting
the important caveat that the estimate of m for Guinea-
Bissau could be downwardly biased as hybrids diagnosed
using the Sine 200 marker (see “Materials and Methods”)
were not included. Therefore, in support of our first pre-
diction, estimates of interform migration rates are qualita-
tively similar to hybridization rates, which are about 100-
fold lower in Ghana than in Guinea-Bissau and extremely
low in Cameroon where hybrids have never been detected
(references above).

Location of Genomic Divergence Between Forms

The number of SNPs adjudged excessively differentiated
relative to neutral expectations (and thus consistent with
divergent selection) in sympatric comparisons is shown in
figure 4A. Distribution of outliers across chromosomes dif-
fered among populations (P = 0.008), with heterogeneity
the strongest in Guinea-Bissau, where only a single outlier
was located on chromosome 3 (fig. 4B). Physical clustering
of outliers among populations is also evident in figure 5.
The numbers of SNPs significantly differentiated between
M and S forms varied among samples: Cameroon 16.6%;
Ghana 12.6%; Guinea-Bissau 3.6% ()3 = 65.4, P << 0.001;
note that sample sizes were equalized for this analysis),
supporting our second prediction that fewer loci should
segregate between the two forms in sympatric samples
where introgression was higher. Allopatric comparisons
between M forms and Ugandan S forms, between which
gene flow is implausible, yielded similar profiles of differ-
entiation to sympatric M-S comparisons in Cameroon
and Ghana (figure 5). Pericentromeric X chromosome
loci showed a near-identical level of differentiation in
sympatric and allopatric interform comparisons for M
forms from Guinea-Bissau. However, elsewhere in the
genome and most markedly on chromosome 2, Ugandan
S and Guinean M forms were far more strongly differen-
tiated than the sympatric Guinean M and S. This is con-
sistent with earlier results that it is the S rather than M
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forms in Guinea-Bissau that exhibit an unusual pattern of
differentiation compared with other samples of the same
form (see fig. 1A, supplementary fig. s2A, Supplementary
Material online).

To determine whether genotypic assignment to M or
S form depended on the outlier SNPs, we repeated the clus-
tering analysis, permitting two clusters for each sampling
location. All individuals from Cameroon were assigned
correctly to M and S form whether or not outliers were in-
cluded. For Ghanaian samples, removal of outliers resulted in
a 15% drop in correct assignment (from 100%). However,
in Guinea-Bissau, M and S forms, for which there was
99% correct assignment with outlier SNPs included, could
not be discriminated upon removal of outlier SNPs (i.e, only
a single cluster was found), despite there being fewer outliers
than in the other samples. Surprisingly, given the large num-
ber of outlier SNPs present within the 2Rc/d/u polymorphic
inversion region (see fig. 5), especially in Guinea-Bissau, re-
moval of outliers located within any inversion region did not
alter assignment success in any sample collection.

Our third prediction was that genomic regions of inter-
form divergence should be conserved across locations if
the X-marker-diagnosed M and S status has a common
origin and some wider genomic basis. Fifteen SNPs were
scored as outliers in all sympatric comparisons (fig. 4A),
far more than the number expected from numbers of sin-
gleton outliers (exact test, P <<<< 0.001). These 15 consis-
tent outlier SNPs were found on four of the five
chromosome arms. The majority of these SNPs are within
or very close to the 2L and X chromosome centromeric
heterochromatin, within the locations of the previously
identified islands of divergence between M and S forms
or within a polymorphic inversion (supplementary figure
s3, Supplementary Material online). In each of these
areas, recombination is expected to be reduced. By con-
trast, the consistently replicated outlier SNP position on
chromosome 3R at approximately 45.9 Mb, which has not
been identified previously, is not within or close to het-
erochromatin (Sharakova et al. 2010) or any common
polymorphic inversion (Pombi et al. 2008).
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Evidence for Recombination Within and Between
Major Islands of Divergence

We performed haplotype analysis to identify possible re-
combination events within and among the outlier blocks
on chromosomes 2L and X, which are within the previously
described genomic islands (fig. 6). Specifically, we aimed to
identify how the occurrence of haplotypes that were pri-
marily characteristic of one molecular form varied in fre-
quency in the alternate form across sample collections.
Since the pattern of interform differentiation on the X
chromosome suggested a steady rise toward the outliers
located at or beyond 20 Mb, we focused on these
SNPs (supplementary figure s3, Supplementary Material
online). For S forms, there was little evidence to suggest
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Table 1. Genotypes at Form-Characteristic Markers for the 2L and
X Genomic Islands

2L-M/M 2L-M/S 2L-S/S Diff
Cam X-M/M 660 9k 0 a
Cam X-S/S 0 0 59 b
Gha X-M/M 20 7k 1k c
Gha X-S/S 0 1 765 b
GB X-M/M 32 5 (1] [
GB X-S/S 8 22 9 d
Uga X-S/S 2 0 214 b

Note—Genotypes for the Sine X markers and 2L_~1.3 Mb SNP (the most
divergent 2L outlier) are shown, with frequencies in each population: Cam =
Cameroon, Gha = Ghana, GB = Guinea-Bissau, and Uga = Uganda. M/M
indicates alleles characteristic of M forms, S/S of S forms. Genotype distributions
of populations sharing letters in the “diff” column are not significantly different.
k = kdr introgression event.

introgression in Cameroon and Ghana (fig. 6A and B), with
all haplotypes entirely form-characteristic, and the only
M-type alleles (colored red in fig. 6) also present in Ugan-
dan haplotypes (fig. 6D). Interestingly, the most common
haplotype in Uganda was rare in S forms in Cameroon
and Ghana, perhaps reflecting selection for different kdr
mutations since it differed only within the 2L section. In
Cameroonian and Ghanaian M forms, it is plausible that
an allele at the edge of the X island (SNP 20010619 in
fig. 6) might have originated from S forms, but absence
of an entirely allopatric M sample precludes any conclu-
sion. Indeed, the only clear introgression was of haplotypes
on which the kdr 1074F mutation was present, which re-
sulted in mixed haplotypes (S-like 2L, with M-like X). More
haplotypes were found in Guinean M forms, but it is no-
table that >80% were the same two that predominated
in the M forms in Cameroon and Ghana, suggesting that
introgression from S forms is relatively uncommon. By con-
trast, the most common haplotypes in Guinean S forms
were actually a mixture of those characteristic of an M form
2L island haplotype block but an S-like X island block
(fig. 6C).

Table 1 summarizes the evidence for interisland recom-
bination. There is no evidence for recombination between
the 2L and X islands in S forms from Cameroon and Ghana
for which genotype frequency distributions do not differ
significantly from those found in Uganda. With the excep-
tion of kdr introgression-related genotypes, there is negli-
gible evidence for interisland recombination in M forms
other than Guinea-Bissau, where a moderate frequency
of X-M/M, 2L-M/S genotypes was found. In Guinean S
forms, the 2L island appears entirely to dissociate freely
from the X (table 1). In conclusion, we detected little ev-
idence of interform recombination within or between the X
and 2L genomic islands in Cameroonian or Ghanaian sam-
ples, beyond that attributable to kdr-related introgression.
In Guinea-Bissau interform recombination appears to be
more common within the 2L genomic island and between
the 2L and X islands. Yet the marked bias from M to S forms
in genomic island introgression contrasts with the lack
of any such bias detected in the recent introgression
(admixture) analysis (above).
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Discussion

Discriminating Between Models of Divergence

The M and S molecular forms of A. gambiae sensu stricto
have been the subject of intense recent research, leading to
major advances in our understanding of their intrinsic ge-
netic, behavioral, and ecological differences (e.g, Turner
et al. 2005; Lehman and Diabate 2008; Costantini et al.
2009; Simard et al. 2009). Almost all work to date has fo-
cused on the eastern and central parts of their range of
overlap, where M and S genomes can be distinguished read-
ily (Slotman et al. 2006; Esnault et al. 2008). With samples
spanning most of the range of A. gambiae sensu stricto, our
data extend previous results by showing that the genomes
of M and S forms are at least partially distinct, even when X-
marker—diagnosed hybridization rates are extreme. This
might be expected if F; hybrids, or perhaps hybrids in gen-
eral, are very strongly selected against in the wild (e.g,
McBride and Singer 2010). Our results suggest that this
is not the case; at least some interform introgression ap-
pears to be occurring in all populations at levels qualita-
tively comparable with hybridization rates (i.e,
Cameroon and Ghana << Guinea-Bissau). This was our
first prediction and its support argues against the retention
of ancestrally divergent genomic islands by neutral pro-
cesses alone (Turner et al. 2005; Noor and Bennett 2009;
Turner and Hahn 2010).

Our second prediction was that the proportion of the
genome segregating between forms should decrease when
introgression rates are higher (Wu 2001; Wu and Ting 2004;
Nosil et al. 2009b; Via 2009). Not only was interform diver-
gence higher in Cameroon than in Ghana and much greater
than in Guinea-Bissau but also the distribution of Fst out-
liers and their contribution to M and S differentiation dif-
fered markedly. In Cameroon, significant differentiation
was present along all chromosomes. SNPs identified as
Fst outliers were also distributed across all chromosomes,
and the M and S partitioned perfectly even if these SNPs
were excluded from clustering analyses. Differentiation and
outlier SNPs were somewhat less uniformly distributed in
Ghana, and omission of outliers did reduce the capacity of
the data to distinguish M and S by 15% of correct assign-
ments. Each observation was much more extreme for the
Guinean samples. Little of the genome was differentiated,
including only one of the 286 polymorphic SNPs on chro-
mosome 3 (compared with 22 in Ghana and 37 in Came-
roon). Fst outliers were significantly clustered, and despite
comprising only 5% of SNPs, if they were omitted, it was no
longer possible to accurately assign individuals to molecu-
lar form. Thus, prediction two was supported by the data,
meeting the expectation of Wu's (2001) gene-centric
model of speciation with gene flow. In addition, this is con-
sistent with the expectation that genes critical for early-
stage divergence might be more readily apparent when
gene flow is higher (Via 2009).

As noted recently elsewhere (Lawniczak et al. 2010;
Neafsey et al. 2010; Weetman et al. 2010), interform diver-
gence across the genome was more widespread than

suggested by data of Turner et al. (2005), which reflects
primarily the different resolution of the techniques applied
(Turner and Hahn 2010; White et al. 2010). Yet, the extent
of M-S differentiation we found in Cameroon, where 0.3%
of SNPs exhibited fixed differences, is incompatible with
report of Lawniczak et al. (2010) of 8% fixed differences
between Malian M and S forms, which would suggest
the absence of regular gene flow. Hybrids are found regu-
larly in Mali but not to date in Cameroon, so lower
gene flow between the forms in the latter location is an
implausible explanation for the discrepancy. However, it
is important to note that in the Lawniczak et al. study,
the individuals sequenced were drawn from laboratory
colonies, which typically harbor only a fraction of the di-
versity of wild populations (Norris et al. 2001). This likely
led to a major upward bias in differentiation relative to nat-
ural populations. Indeed, patterns of differentiation be-
tween wild-caught Malian M and S forms (Neafsey et al.
2010) are much more consistent with the low level of fixed
differences in our data set.

Our final prediction was the most specific: that some
genomic regions of interform divergence should be con-
served across locations (Via and West 2008; Via 2009); this
would argue for involvement of a core set of loci in diver-
gence of the molecular forms. Support for this prediction
comes from the observation that 15 outlier SNPs were
common in M-S comparisons across populations, which
far exceeded the number expected (15 observed and <1
expected). The most obvious areas of shared divergence
were the X and 2L pericentromeric areas, the genomic
islands identified previously (Turner et al. 2005). If it is ac-
cepted that SNPs on the X chromosome in positions <20
Mb are outliers because of divergence hitchhiking (Via and
West 2008; Via 2009), as appears consistent with a pattern
of gradual decrease in differentiation (see supplementary
figure s3, Supplementary Material online), the size of both
the 2L and the X islands correspond closely with those ob-
tained using a genotyping method with different resolution
(Turner et al. 2005; White et al. 2010).

The 2L and X islands are within areas of known or ex-
pected reduced recombination (e.g, Pombi et al. 2006) as
was the novel outlier within the 2Rc/d/u inversion region.
The final consistent outlier detected—at approximately 46
Mb on chromosome 3R—is not within or close to the cen-
tromeric heterochromatin or any common inversion re-
gion. Unfortunately, data on recombination rates in
this region (Zheng et al. 1996; Pombi et al. 2006) are
too limited at present to conclude with confidence that
background recombination in this area is similar to the ge-
nomic average. Multiple other outliers were shared
between Cameroon and Ghana (supplementary table s3,
Supplementary Material online), including a SNP in the
small island on chromosome 2R identified in Cameroon
by Turner et al. (2005), the importance of which was sub-
sequently downgraded because it was not detected in Mali
(Turner and Hahn 2007). Of these outliers, a few were
close to significance in Guinea-Bissau, including at least
one in an area where there is no expectation of reduced

287


http://mbe.oxfordjournals.org/cgi/content/full/msr199/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr199/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr199/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr199/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr199/DC1

Weetman et al. - doi:10.1093/molbev/msr199

recombination (supplementary table s3, Supplementary
Material online). We therefore contend that our third pre-
diction is met and that there are shared areas of divergence
between M and S evident across sampling locations, even
when interform gene flow is at its highest. Moreover, as also
demonstrated by the individual clustering analysis, these
are not limited to the pericentromeric region of the X chro-
mosome, where the form-diagnostic markers are located
(della Torre et al. 2001; Santolamazza et al. 2008a).

Maintenance of Genomic Islands
Our data suggest that multiple islands are associated with
and might be causal in advancing reproductive isolation,
which is probably to be expected, given the somewhat mul-
tifarious nature of phenotypic differentiation between
A. gambige M and S forms. Assortative mating occurs
via swarm segregation (Diabate et al. 2009) and sophisti-
cated mate recognition within swarms (Pennetier et al.
2010), but there are additional phenotypes that differ be-
tween the molecular forms that may also enhance diver-
gence. Although phenotypic differences such as variation
in larval growth rate and predator avoidance (Lehman
and Diabate 2008; Gimmoneau et al. 2010) have no direct
connection with assortative mating, they may enhance dif-
ferentiation by segregating the forms in time and space (see
Costantini et al. 2009; Simard et al. 2009). In Guinea-Bissau,
where divergence is lowest and gene flow highest, we
detected only a few islands, and it is possible that limited
divergence at specific regions, which segregate M and S
strongly elsewhere (supplementary table s3, Supplemen-
tary Material online>), contributes to the reduced repro-
ductive isolation. For example, a strongly divergent
region extending approximately 1.7 Mb from the centro-
mere of chromosome 3L has been observed in several
low gene flow locations (Neafsey et al. 2010; White et al.
2010) but was not detected in our Guinea-Bissau data.
Our array has low SNP coverage in this region of the ge-
nome, but a marker approximately 1.9 Mb from the cen-
tromere of chromosome 3L was identified as an outlier in
both Cameroon and Ghana (fig. 5; supplementary table s3,
Supplementary Material online). In addition, a PCR-RFLP
diagnostic (White et al. 2010) for the 3L centromeric region
does not segregate strongly among the molecular forms in
Guinea-Bissau (Caputo et al. 2011; Weetman D, Wilding CS,
Steen K, Pinto J, and Donnelly M), unpublished data). From
these date, we infer that the 3L genomic island is either
absent or weakly differentiated in Guinea-Bissau.
Support for the predictions we made strongly suggests
that variation in divergence between M and S forms across
the genome more readily fits a model of heterogeneous
genomic divergence with gene flow (Wu 2001; Turner
et al. 2005) than a model of retention of ancestral diver-
gence with minimal gene flow (Turner and Hahn 2010;
White et al. 2010). However, reduced background recom-
bination might still play an important role (Noor and
Bennett 2009; Nosil et al. 2009b). Turner et al. (2005) used
coalescent simulations to investigate whether the fixed
differences they observed at the major X and 2L speciation
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islands could be explained solely by reduced recombina-
tion. Based on a hypothesized recombination rate of 0.1
cM Mb~" and migration of 4N;m = 10 (estimated indi-
rectly from Fgy), the authors concluded that divergent
selection must also play an important role. The recombi-
nation rate applied is about half the value reported subse-
quently for the X chromosome in the region 20-23 Mb
(Pombi et al. 2006), and the value of N.m also appears
slightly conservative based on our more direct estimation
from the Cameroon data set and an effective population
size, N, of at least a few thousands (e.g, Lehman et al.
1998). Therefore if Turner et al. (2005) used conservative
parameter estimates, as appears to be the case, there
is even stronger support for a key role for selection in
maintaining the X chromosome island.

There was scant evidence for recombination within
the X chromosome island. In Guinea-Bissau (M forms)
where our genomic estimates of recent introgression rates
were substantial, rare alleles more characteristic of the al-
ternate molecular form were detected but at frequencies
little higher than found in Uganda, where there is no re-
alistic chance of interform recombination (see fig. 6C
and D). Recombination rate estimates are unavailable for
pericentromeric regions of chromosome 2L, but haplotype
composition suggested a quite different scenario. In Came-
roon and Ghana, the form specificity of 2L island haplo-
types was only disrupted in cases where the kdr 1014F
insecticide resistance mutation had introgressed. As a result
of the dominance of the introgressed 2L haplotype in the
source S form populations (91% in Cameroon and 99% in
Ghana), our data can provide little indication of the fre-
quency of kdr introgression events. Thus, based on the re-
sults from Cameroon and Ghana, we cannot exclude the
possibility of a single introgression event into a region of
extremely low background recombination, with frequency
subsequently inflated by insecticidal selection (Lynd et al.
2010). Fortunately, the haplotype patterns in Guinea-Bissau
permit greater insight of the integrity of the 2L island. Mul-
tiple 2L haplotypes were detected, with M-characteristic
haplotypes dominant in S forms, suggestive of rather free
recombination. This implies that background recombina-
tion is unlikely to be low enough to explain the segregation
of M and S at the 2L island seen in other locations (present
study; White et al. 2010). Similarly, the strong covariation
between form-specific marker polymorphisms for the 2L
and X islands (present study; White et al. 2010) was com-
pletely absent from Guinea-Bissau S forms, ruling out any
intrinsic physical restrictions on recombination across the
centromeres of distinct chromosomes (White et al. 2010;
see also Caputo et al. 2011). The final evidence that the
2L island is maintained by selection comes from Guinea-
Bissau M forms. Though more 2L haplotypes were present,
almost 85% were the same two most common in Came-
roon and Ghana, despite the apparently dramatic inequal-
ity in effective migration rates and a lack of detectable
directional bias in gene flow from M to S. Thus, gene flow
had a far greater impact on the integrity of the 2L genomic
island in the Guinean S forms than in the M; a pattern
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consistent with much stronger selection for form-specific
polymorphisms in the M than in the S forms.

Conclusions

Our results describe a dynamic gene flow-dependent
process of genomic divergence in A. gambiae, with a key
role for selection acting on several genomic regions. The
largest of these appear be the 2L and X islands identified
originally by Turner et al. (2005); though gene densities
therein are so low (Holt et al. 2002), it is quite possible that
far smaller regions located elsewhere might actually harbor
greater potential for coadaptation of genes. An obvious
next step toward identification of key “speciation genes”
is to identify the full range, location, and size of islands pres-
ent in locations at the western edge of A. gambiae’s range,
such as Guinea-Bissau, where interform gene flow is most
substantial. A significant advantage of our study was that
the relatively moderate cost of our arrays permitted large
sample sizes to be genotyped individually. This provided
sufficient statistical power to detect divergence at a single
base resolution, which enabled detection of potentially
small genomic islands that would likely be missed in a lower
resolution analysis. Moreover, ascertainment bias toward
either molecular form should have been limited since all
SNPs on the array were known to be polymorphic within
both M and S forms. However, the major counterbalancing
disadvantage is that our genotyping array provided rela-
tively low density coverage and included some substantial
gaps such as that noted previously toward the centromere
of chromosome 3L. Given the uncertain size and location of
speciation islands and the generally very limited linkage dis-
equilibrium observed in the A. gambiae genome (Harris
et al. 2010; Weetman et al. 2010), whole genome rese-
quencing would seem a clear best option but with the im-
portant caveat that study power should be sufficient to
permit reasonably fine-scaled resolution. Our results
(and those of Turner et al. 2005, described above) suggest
that low background recombination alone is insufficient to
explain the divergence of genomic islands, but the relative
roles of reduced recombination and selection remain un-
clear, both in A. gagmbiae and in speciation genomics more
generally (Noor and Bennett 2009; Nosil et al. 2009b).
Therefore, an important goal will be to produce improved
recombination maps for the A. gambiae genome, which at
present are based on low resolution microsatellite data
(Zheng et al. 1996; Pombi et al. 2006) and contain large
regions for which no information is available.

The level of reproductive isolation between molecular
forms in Guinea-Bissau is dramatically different to that ob-
served in more easterly locations. Caputo et al. (2011) sug-
gested that incompletely reproductively isolated forms
might have come into secondary contact recently in
Guinea-Bissau, perhaps as a result of recent invasion of
the area by more ecologically generalist S forms. Our data
appear entirely consistent with this hypothesis. Integrity of
putatively adaptive genomic regions in the M forms per-
sists to a large extent despite high and bidirectional gene

flow, and there is a much greater disparity in sympatric ver-
sus allopatric differentiation between M and S than ob-
served in Cameroon and Ghana (particularly evident at
the 2L genomic island; see fig. 5). Nevertheless, despite con-
siderable resilience of the genomic islands to gene flow in M
forms, the broad scale homogeneity of the molecular forms
elsewhere in the genome suggests that reproductive isola-
tion may be in the process of breaking down. More direct
evidence that this might be occurring is very limited
at present. Caputo et al. (2011) found that linkage disequi-
librium between diagnostic markers for the 3L and X chro-
mosome islands was weaker in a 2007 collection from
Guinea-Bissau than in those, which like ours, were from
the mid-1990s; consistent with breakdown of reproductive
barriers over time. How the rate and direction of genomic
change may impact upon disease transmission is unknown,
and the answer awaits improvement of the phenotypic and
ecological information on A. gambiae in Guinea-Bissau.
Nevertheless, the level of gene flow in Guinea-Bissau ap-
pears sufficiently high that shifts in divergence of M and
S genomes could be detectable within an ecological rather
than evolutionary timeframe and are thus highly amenable
for study.

Supplementary Material

Supplementary figures s1-s3 and tables s1-s3 are available
at Molecular Biology and Evolution online (http:// www.
mbe.oxfordjournals.org/)
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